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I. Introduction

This project involves obtaining GPS measurements in Scandinavia, and using the
measurements to estimate the viscosity profile of the Earth’s mantle and to correct
tide-gauge measurements for the rebound effect. Below, we report on several aspects
of this project. S .

II. GPS Measurements

The permanent network set up by Onsala Space Observatory continues to operate,
and the data are continuously being analyzed. The expanded DSGS was last occu-
pied during the latter half of August, 1994. We are currently planning the Summer
Campaign, to take place in August, 1995. J.L. Davis, the P.I., will travel to Sweden
early summer 1995 to plan these measurements and to prepare for publication several
papers describing the GPS measurements from the last several years.

At the Fall 1994 AGU meeting, we presented our analysis of one year of the
continuous Fennoscandian network. This analysis (see the figure in Appendix A, which
was one of the panels presented at the AGU meeting) represents the first detection of
postglacial uplift by GPS.

II1. Analysis of Tide-gauge Data

We have investigated the anomalous geographical variations in sea-level rates
which have been reported for the east coast of North America. These rates, obtained
from tide-gauge observations, must be corrected for glacial isostatic adjustment in
order to estimate global sea-level change. For the first time, we invert tide-gauge ob-
servations to solve for corrections to the Earth model used to calculate the adjustment
corrections. This inversion yields a significant correction to the lower-mantle viscosity.
The corrected sea-level rates also exhibit significantly less geographic variability, and
yield an estimate for sea-level rise much more in accordance with estimates from other
areas on the Earth. Thus, in this paper we simultaneously (i) demonstrate a new pro-
cedure for obtaining information of Earth structure from tide-gauge data, (ii) use the
procedure to obtain a new estimate of lower mantle viscosity (and demonstrate why
with this data set we are most sensitive to this particular parameter), (iii) demonstrate
that the new estimate of lower-mantle viscosity reduces significantly the geographic
variability of the corrected sea-level rates, and (iv) provide a new estimate of sea-level
rise for the eastern North American tide-gauge data set. We have submitted a paper
to Science reporting these results (Appendix B).
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Appendix A. Figure presented at 1994 Fall AGU Meeting comparing
Observed and Predicted Uplift Rates in Fennoscandia

Fennoscandian Postglacial Uplift:
Comparison of Geodetic Rates
and Model Rates
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Sea Level Rise, Mantle Viscosity, and the Anomalous
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Anomalies in estimates of sea-level rise obtained from tide gauge records on the east
coast of North America suggest the presence of errors in the Earth and/or ice models used
to calculate corrections for glacial isostatic adjustment. The corrections are found to be
highly sensitive to the lower-mantle viscosity, a consequence of the locations of the tide
gauges relative to the “peripheral bulge” associated with the adjustment. In an inversion
of the tide gauée data, a value of (4.7 & 0.3) x 102! Pa s is obtained for the lower-mantle
viscosity; this value reduces by a factor of ~3 the variations in the corrected rates. A
common sea-level rise for the period 1897-1988 of 1.4 + 0.3 mm yr~ ! is simultaneously

estimated.
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Present-day sea-level variations, as recorded by the global network of tide gauges,
represent a rich data set for studying a wide range of natural and anthropogenic
phenomena. Recent efforts (/-3) to estimate the rate of secular sea-level change using
such data have addressed “correcting” the sea-level records for ongoing glacial isostatic
adjustment, or GIA (4). The correction procedure, which involves the prediction of
sea-level change associated with ice mass fluctuations on a (viscoeléstic) Earth model,
has been shown to improve the consistency (at least globally) of the rate estimates
(1-3) from different tide gauge sites. The first such analyses (/) involved tide gauge
records from 40 sites and suggested a globally coherent rise in sea-level at a rate of
2.4 +£ 0.9 mm yr~!. Applying a stricter criteria for tide gauge selection, which, for
example, avoids records in regions of converging tectonic plates, has resulted in a
revised estimate of 1.8 £ 0.1 mm yr~! (2, 3).

A significant proportion (~40%) of the tide gauge records used in the these esti-
mates were associated with sites on the east coast of North America (Fig. 1). However,
an examination of the raw and GIA-corrected sea-level rates (Fig. 2A, B) from this
region indicated some unexplained and significant inconsistencies (2, 3). The GIA
corrections (5) were based on the ICE-3G model for the space-time history of the last
deglaciation event (6) and an Earth model (henceforth the “standard” model) char-
acterized by a factor of two jump in viscosity across the interface between the upper
and lower mantle (7). The GIA-corrected sea-level rates (Fig. 1B) are clearly not co-
herent. This variation was characterized (2) as a “step” of about 1 mm yr~!, from
~1.5 mm yr~?! for sites north of 38° to ~2.5 mm yr~! for sites south of 38°.
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The number of tide gauge records used to analyze global sea-level change is usually
a small fraction of the total number available (1, 2), because investigators generally
limit their data set to those few sea-level records with a long timespan (50 years for
Fig. 2A, for example). Sea level rates are determined by fitting a straight line to each
independent tide gauge series, but interannual (including interdecadal) fluctuations in
sea-level rﬁay be large. Limiting the data set to long time series is thus thought to
reduce the effects of interannual fluctuations. Recently, a method for simultaneously
analyzing rates for a given set of sites has been developed which takes advantage of
the correlation of interannual variations for different sites (8). Because the interannual
variations of sea-level are more accurately accounted for, and the correlations between
the rate estimates are rigorously estimated, shorter time series of sea-level can be used.
In applying this technique to the tide gauges on the east coast of North America (9), we
used criteria (10) which limited the data set to 38 sea-level records. The north-south
trend in the estimated rates is still apparent (Fig. 2C, D), but the variation appears to
manifest itself not so much as a “step” but as a continuous decrease in rates north of
~35°. In any event, the process of correcting the tide gauge record from the east coast
of North America for GIA using this specific combination of ice history and Earth
model actually results in an increase in the scatter of the estimated sea-level rates.

The systematic variations in the GIA-corrected sea-level rates strongly suggest
that the predicted GIA signal may, as a result of errors in the ice and/or Earth mod-
els, be inadequate. It has been suggested, for example, that a model with a thicker
lithosphere may be more appropriate for this region (7, 3), but we have found that
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such a model does not remove the anomalous variations in the corrected rates (/7).
This issue highlights the lack of consensus in the geophysical literature regarding not
only the thickness of the Earth’s lithosphere, but also the depth-dependence of mantle
viscosity (12-14). Notwithstanding the potentially important influence of lateral het-
erogeneity in mantle rheology, previous inferences of viscosity at any particular depth
can vary by as much as an order of magnitude. It has not, however, been determined
whether reasonable modifications to the Earth model used in the GIA correction may
remove the anomalous sea-level rate variations. It has, though, been suggested that
the tide gauge data themselves may be used to determine these modifications (3).

To explore this approach, we have performed an iterative least-squares inversion
in which the estimated sea-level rates were taken as the observables, and parameters
were estimated representing adjustments to the lithospheric thickness, the viscosity of
the upper mantle, and the viscosity of the lower mantle. A common sea-level rate was
also estimated. Sensitivities (partial derivatives) wére determined numerically using
sea-level rates calculated for different parameter values. Our initial solutions clearly
indicated that the sea-level rates favored an increase of a factor of ~2 in the lower
mantle viscosi-ty. Furthermore, the formal uncertainty for this parameter was fairly
small, indicating a sensitivity of the model to its value. Adjustments to the other two
Earth model parameters were small, and therefore had relatively little effect on the
predicted sea-level rates (17).

To understand the sensitivity of the predicted sea-level rates to the lower-mantle
viscosity, it is necessary to understand aspects of the GIA phenomenon in eastern
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North America. The present-day rate of sea-level change as predicted by the standard
model (Fig. 3A) is characterized by a rapid sea-level fall to the northwest, associated
roughly with the location of the ancient Laurentide ice sheet, and a moderate (0-
3 mm yr~!) sea-level rise in the “peripheral bulge” area to the south and west (15).
The standard model predicts that the east coast of North America lies exclusively
within the peripheral bulge region. Moving north from Florida along this coast the
predicted sea-level rise increases monotonically until a latitude of about 38°. Between
latitudes 38° and 43° the variation in the predicted sea-level change is more gradual
as the 1.8 mm yr~! contour roughly straddles the coast. In other words, the standard
model predicts that the contours of sea-level rise associated with the peripheral bulge
are nearly parallel to the east coast of North America between latitudes 38° and 43°.

The predicted location of the peripheral bulge is very sensitive to changes in the
lower mantle viscosity, whereas variations of the upper mantle viscosity and litho-
spheric thickness affect mainly the predicted amplitude of the peripheral bulge on a
path traced along the North American east coast south of 45° (Fig. 4). The sensitiv-
ity of the peripheral bulge dynamics to variations in the viscosity Within the mantle
has previously been considered in some detail (/6). As the deep mantle viscosity is
increased the boundary between the central uplift region and the bulge migrates out-
ward (away from) the previously glaciated region. The predicted sea-level rate near
37° (near the peripheral bulge maximum) is relatively insensitive to small changes

in the peripheral bulge location, but the predicted sea-level rise in the northeastern
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United States (near New Hampshire) drops significantly as the peripheral bulge mi-
grates outward (Fig. 3B).

The predicted sea-level rates north of the peripheral bulge maximum are thus
extremely sensitive to the peripheral bulge location and therefore to the value for
the lower mantle viscosity used in the GIA calculations. Accordingly, we performed
an inversion in which we estimated only the adjustment to the viscosity of the lower
mantle and a common sea-level rate (7). We obtained a value for the lower mantle
viscosity of (4.7 0.3) x 102! Pa s, and a value of 1.4+ 0.3 mm yr~! for the common
rate (18). Importantly, the noise in the sea-level rates corrected using the a posteriori
model is a factor of ~3 smaller than that for the rates corrected using the “standard”
model, although systematic variations are still visible (Fig. 5). As discussed above,
the trend toward lower sea-level rates north of 38° is reduced because the migration of
the “zero” contour toward the northeastern U.S., in the case of the a posteriori model,
yields smaller GIA corrections in this region (Fig. 3).

The value of lower mantle viscosity we obtained is consistent with a number of
recent inferences (13, 14). The model, in combination with the ICE-3G deglaciation
history (6), has been found to be consistent with a global data base of Late Pleistocene
sea-level histories, and is in fact preferred over the “standard” model when only sea-
level data from eastern North America are considered (/3). Furthermore, the model
satisfies the constraint on viscosity implied by the uplift decay-time estimates from
southern Hudson Bay (/4). The estimate of 1.4 + 0.3 mm yr—! for the common sea-
level rise may be compared with the previously determined value of 1.9 mm yr~! (2)
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for the same region. In that analysis, however, the east-coast North American sites
were divided into two regions, southern and northern, with the northern yielding a
sea-level rise of 1.3 mm yr~!, and the southern 2.5 mm yr~! (19). The sea-level
estimates associated with other “corrected” tide gauge records in the global data set
also exhibited significant scatter; it remains to be seen whether this scatter is reduced,
and whether the associated estimate of sea-level rise is altered, when we use an analysis

of the kind presented here (20).
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Figure Captions

Fig. 1. Location of the east-coast North American tide-gauge sites used in the present

analysis.

Fig. 2. (A) “Raw” sea-level rates from the east coast of North America, from a
previous analysis (2). Only sites with a largely complete record during the years
1930-1980 were used. (B) After correction for GIA using the standard model, these
rates still exhibited a significant variation which in the earlier analysis was interpreted
as a “step” at a latitude of about 38°. (C) A recently developed method for tide gauge
analysis (/0) enables shorter sea-level records to be utilized, providing for a better
geographic distribution of the “raw” rates to be obtained. (D) The step appears as a
continuous variation in the new set of rates corrected for GIA using the standard model.
The points indicated by squares in (A) and (B) were not used in the earlier analysis
because the rates were considered to differ too much from those from surrounding
sites. However, our analysis suggests that these differences may simply be part of the

now-apparent continuous variation.

Fig. 3. Numerical predictions of the present day rate of change of sea level in the eastern
United States due to glacial isostatic adjustment. The predictions were calculated (5)
using the ICE-3G deglaciation chronology (6) and (A) the standard Earth model (7)
and (B) the same model as (A), except the lower mantle viscosity has been increased

to 4.7 x 10%! Pas.
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Fig. 4. Numerical predictions of the present day rate of change of sea level on a profile
taken along the the east coast of North America. The predictions were calculated (5)
using the ICE-3G deglaciation chronology (6) and a suite of Earth models in which the
lithospheric thickness, upper mantle viscosity and lower mantle viscosity, were varied
from the value which characterizes the “standard” Earth model (7). (A) Lower mantle
viscosities 10?! Pa s (dashed), 2 x 102! Pa s (solid), 3 x 10?! Pa s (dotted), and 5 x
10%! Pa s (dashed-dotted). (B) Upper mantle viscosities 10%! Pa s (solid), 7.5x10%° Pas
(dashed), 5.0x102° Pa s (dotted), and 3.0x 10?° Pa s (dashed-dotted). (C) Lithospheric
thicknesses 95 km (dashed), 120 km (solid), 195 km (dotted), and 245 km (dashed-
dotted). Others have suggested that an increase in the lithospheric thickness might be
appropriate for this region (/3) and might account for the anomalous sea-level trends
from North America (3) . However, the comparison of (A) and (C) illustrates the quite
different effects of changing these parameters. Using the tide gauge data themselves
to estimate corrections to the Earth-model parameters leads to a doubling of lower

mantle viscosity, and only small changes to the other parameters.

Fig. 5. Results from the new analysis of tide gauge data. (A) Raw tide gauge rates
(as in Fig. 1Ij), as well as the glacial isostatic adjustment correction, shifted for the
best-fitting coherent rate computed for the a posteriori model (dotted line), which is
characterized by a lower mantle viscosity of 4.7 x 102! Pa s. The predicted correc-
tions for the standard model are shown by the dashed line. (B) The tide gauge rates
corrected using the a posteriori model show much less variation than previously. The

dashed line represents the estimated common sea-level rise of 1.4 mm yr—1.
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